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4

EFFECT OF HOLD TIME AND THERMAL AGING ON ELEVATED
TEMPERATURE FATIGUE CRACK PROPAGATION

IN AUSTENITIC STAINLESS STEELS

INTRODUCTION
• The service conditions of advanced nuclear systems are

expected to impose the combined effects of static and cyclic
loading on the structural components at sustained elevated

• temperatures . Under these condit ions , the propagation of
cracks which may originate from flaws or pre—existing small
cracks in the components will be influenced by the thermal

• stability of the structural material . Since it is known that
the sustained elevated temperature exposure of many materials
can produce the precipitation of various intermetallic phases ,
consideration must be given to the investigation of the ef—
fects of thermal stability on the creep-fatigue c ack propaga-
tion behavior of structural materials.

Relatively few investigations of creep—fatigue inter-
action effects on crack propagation at elevated temperatures
have been reported. Recent work by Miche l et al. (1,2,3) has
shown that the inclusion of tensile hold times of 0.1 and 1
minute have no significant effect on crack growth rate in
solution annealed and 20 percent cold worked Type 316 stain-
less steel at 427°C (8000?). However, at 5930C (1100°F),
the effect of tensile hold time was found to significantly
increase crack propagation rate (da/dN ) in 20 percent cold
worked Type 316 stainless steel but not in solution annealed
material . From these results it was concluded that recovery
processes rather than environmental effects contributed to
the increased crack growth rates observed in the cold worked
material at 593°C.

Other previous work was briefly reviewed by Michel et al.
(1,2,3) and additional recent results have been presented by
Shahinian (4). Work by Nicholson (5) on creep crack propaga-
tion in solution annealed Type 316 stainless steel at tempera-
tures in the range from 600 to 850°C (1200 to l562~F) has
shown that crack growth rates , da/dt , under static loading
are controlled by displacement rates at the crack tip and by
the ligament strain . Wareing (6) has concluded that the re—
duction in fatigue life for hold periods at maximum tensile
Note : Manuscript submitted Sept.mbcr 29, 1977.
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strain are the result of the interaction betleen creep damage• during stress relaxation and the propagating crack. Other
work by Shahinian (7) has shown that creep crack propagation
rate in cold worked Types 304 and 316 stainless steel was

• lower than in fatigue at 482°C and at 1~K <25 MPa/i~ at 593°C.
I

• Considerable research has shown that the long term expo-
sure of austenitic stainless steels to elevated temperatures
is responsible for the precipitation of intermetallic phases
(8 , 9) which can influence the mechanical properties (10— 13)
of the steels. Few studies have considered the effects of
thermal aging on fatigue crack propagation in the austenitic
stainless steels (3,14). Michel et al.(3) have shown that
0.1 and 1.0 minute hold times and/or prior thermal aging did :~~
not influence the fatigue crack propagation behavior of Type
316 steel at 427°C. At 593°C, thermal aging was found to re-
duce the magnitude of the increase in crack propagation rate
produced by Increased hold times in both steels. In the study
by James (14), it was found that thermal aging produced lower
crack propagation rates relative to unaged material during
continuous cycling at 538 and 650°C (1000 and 1200°F) . How-
ever , one hold time test conducted by James (14) indicated
little effect of thermal aging on crack propagation rate in
Type 304 steel.

The purpose of this report is to summarize the results
obtained by Michel et al. (1,2,3) on the effects of hold time
and thermal aging on elevated temperature fatigue crack propa-
gation in Types 304 and 316 stainless steel. New results ob—
tam ed for Types 321 and 348 stainless steel also are presented.
The results are compared on the basis of the combined effects
of cyclic loading with periods of static tensile loading (hold
times) of 0, 0.1, and 1.0 minutes and prior thermal aging for
5000 hours at 593°C. The influence of thermomechanical history ,
environment, and microstructure on crack propagation and failure

• mode are discussed.

EXPERIMENTAL PROCEDURE

The chemical compositions of Types 304, 316, 321, and 348
stainless steel plate used in the study are given in Table 1.
All materials received similar processing histories. The cold
worked material condition was produced by rolling at ambient
temperature to achieve the desired reduction in thickness.
Optical micrographs of the Types 316 and 304 starting materials
are shown in Fig. 1. Single—edge—notched cantilever specimens ,
containing side grooves to a depth of 5 percent of the specimen
thickness, were prepared to the specifications shown in Fig.2.
The specimen orientation was such that the plane of crack

• growth was perpendicular to the rolling direction of the plate
material.

2
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Fig. 1 . Optical mlcro~aphs of Type 304 staInless steel (Heat A) and Type 316 stainless steel.
a. Solution annealed Type 304, b. 25% cold worked Type 304, c. Solution annealed Type
316, d. 20% cold worked Type 316.
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To evaluate the effects  of sustained elevated tempera-
ture exposure , specimen center sections 55.9 x 63.5 mm (2.2
x 2.5 in.) were thermally aged for 5000 hours at 593°C in
electric muffle furnaces in air. These aging conditions were
chosen on the basis that 593°C represents the approximate
upper service limit of the austenitic stainless steels and
that , after 5000 hours, precipitation of the M23C6 carbide
phase .is essentially complete according to recent phase sta-
bility studies (8,9). After machining, end tabs were welded
to the center sections to produce the final specimen configu-
ration given in Fig. 2. Identical machining and welding
procedures were employed to prepare the unaged specimens .
Previous work has shown that crack propagation rates in simi-
larly welded specimens show no significant differences when
compared with non-welded specimens (15).

All specimens were cycled in cantilever bending using
- - 

zero—to—tension loading to a constant maximum load.. All tests
were conducted in air using induction heating to achieve 427
and 5930C test temperatures. Specimen temperature was con-
tinuously monitored adjacent to a side groove by thermocouples
located at the top , middle, and bottom of the specimen and
controlled to within ±3°C (±50F). Zero hold time tests were
conducted at a frequency of 0.17 Hz (10 cpm) with a sawtooth
loading pattern as shown in Fig. 3a. Hold times were imposed
on the loading cycle.by maintaining the maximum tensile load
constant for 0.1 or 1.0 minutes as illustrated in Fig. 3b.

Crack length was measured during testing at the root
surf ace of a side groove using a traveling microscope . The
tests were terminated when the sum of the crack length plus
edge notch depth was approximately 40.6 mm (1.6 i n . )  since
gross plastic deformation was evident at the crack tip , par-
ticularly at the 593°C test temperature.

Crack growth rates , da/dN , were determined from the slopes
of crack length versus number of cycles plots and correlated
with the crack—tip stress intensity factor range , ~K , com-
puted according to the expression for pure bending given by
Gross and Srawley (16):

K 
(B
~
BN)
’#’2 w3/2 (1)

where , Y 1.99 (a/W)~
”2 — 2.47 (a/W)31’2 + 12.97 (a/W)5~

’2

— 23.17 (a/W)7”2 + 24 .80 (a/ W ) 9”2 ,

and P is the maximum load, L is the distance from crack plane
to point of load application , a is the total length of crack

6
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Fig. 3 - Wave forms used for fatigue tests. a. 0.17 Hz (10 cpm), zero hold
- time, b. 0.17 Hz (10 cpm) with 0.1 or 1 minute hold times.
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and notch i, W is the specimen width , B is the specimen thick-
ness, and BN is the net specimen thickness at the side grooves.
Corrections for crack tip plasticity were not applied to the
data. All calculations were conducted using a programmable
digital calculator according to the procedures outlined in
Appendix A.

The experimental data were analyzed on the basis of the
power law relationship :

da/dN = C(.~X)
m , (2)

where C and m are constants dependent on the material and
environmental factors, respectively. It is well known that
this relationship describes the fatigue crack growth rate in
metals at room and elevated temperature during continuous
cycling.

The relative effect of thermal aging on the strength of
the alloys was determined by hardness methods. Brinell hard—
ness tests were conducted on low strain areas of the tested
fatigue specimens in compliance with ASTM Standard E—lO—66
(17) which specifies the application of a 3000 Kg load on a
10 mm diameter ball for a minimum of 10 seconds. The average
of three hardness impressions on each specimen is reported.

. 
N

Conventional procedures were employed to prepare and
examine specimens for transmission and scanning electron
microscopy (TEM and SEM). Thin foils for transmission study
were prepared according to previously reported ~echniques (18)F from specimen sections located outside of the plastic zone.
The foils were examined and photpgraphed using a JEM-200A
transmission microscope operated at 200 kV. Selected area
diffraction and dark field imaging procedures were used to
identify the precipitates. For the fractographic examinations ,
the fracture surface and approximately 3 mm of adjoining mate-
rial were sectioned from the test specimen and treated with an
inhibited 6N HC1 acid solution to remove the bulk oxide scale.
These surfaces were then examined using a Coates and Welter ,
Cwikscan 106A SEM operated at an accelerating voltage of 900
volts.

RESULTS

Crack Propagation

The effects of hold time and prior thermal aging on
fatigue crack propagation in solution annealed Types 316 and
304 at 427°C are shown in Figs. 4 and 5. Experimental results
at 593°C for annealed Types 316, 304, 321, and 348 stainless
steel are shown in Figs. 8 through 11. Figures 12 through
14 depict th~ effects of hold time and thermal aging on fatigue
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FIg. 5. Effect of thermal aging and hold time on fatigue crack propagation
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• rates, da/dN, in air at 5930 C for solution annealed Type 304 stainless steel
(Heat A). The unaged, zero hold time results are those reported by
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Fig. 9. Effect of thermal aging and hold time on fatigue crack propagation
rates, da/dN, in air at 593° C for solution annealed Type 316 stainless steel.
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Fig. 11- Effect of thermal aging on fatigue crack propagation rates, da/dN,
in air at 593°C for solution annealed Type 348 staInless steel. The unaged
results are those reported by Shahinlan, et al. (19).
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Fig. 13. Effect of thermal aging and hold time on fatigue crack propagation
rates, da/dN, In air at 593°C for 20% cold worked Type 316 staInless steel.

• 18

- --- - • •, • -5-- — - S - — S ~~~~~~~~~~~~~~~~~~~ — —
~~~~~ .•

- -

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _  _ _ _ _ _ _  ~~~~~~~~~ __________________



~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
•
~~

•
~

• •
~ _~~~~~~~~~~~~~~~~~~ z~~_ 5-

— - —5 -.--- - •SS-.•-•••-- ••
~
5-5 

~~~~~~~~~~~ 
_••

~~

-1

K$I s/ lW
S I 

to t . I? 2,0 
I 

60 
I 

80

TYPE 304 STAINLESS STEEL
25% COLD WORK

UNAGED AND AGED 5000 HR AT
593’C tIIOO’F) - (0

‘U
-

E 593°C
(1(00°F)

.‘ 4E~ 1I7I
‘U II
,- dl • ‘U£ - -*
bI

IO 3 1’/ S

I U

T b 5

bO~~ - UNAGED AGED HOLD TINE -

0 • ZERO -

a 0.1 NIN
S 

a I.O MIN
S 

-

IO 5 _~~_J L I I I I I

10 20 40 60 80 100
S STRESS INTENSITY FACTOR RANGE,IOK ,MPQ 6
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(Heat A). The unaged, zero hold time results are those reported by Shahiman
(20).
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~1I
crack propagation in cold worked Types 316 and 304 stainless
steel at 427 and 593°C. The results in Figs . 4 through 14,
represented by lines with only end points , are those previously
reported by Shahinian et al.(4,19,20) for identical material •~ S

and test conditions and have been included for comparison
purposes. Comparisons of hold time and continuous cycle re—
suits at 0.083 Hz (5 cpm) are summarized in Figs. 15 through
18 for annealed and cold worked Type 316 stainless steel
tested at 427 and 593°C. 5

Not shown in Figs . 9 and 14 are the previously reported
1 minute hold time results at 593°C for unaged, solution an—
nealed , and 25 percent cold worked Type 304 steel (3) which
indicated nearly a factor of 10 increase in crack propagation
rate when compared with the unaged, zero hold time results.
It is now believed that the results for these two 1 minute
hold t ime tests , obtained at 15 percent higher loads than the
zero hold time results,. may not be consistent with the re— -

sults presented in this report . This point will be discussed
later in this report on the basis of constant ~K tests at593°C for Type 316 steel (21).

Effect of Thermal Aging . The results presented in this report
show that the effect of thermal aging on fatigue crack propa-
gation may be generalized on the basis of material condition
(e.g., solution annealed or cold worked). These results are
so summarized - in Table 2. For continuous cycling (zero hold
time) tests, column 1, no effect of aging was observed for
Type 316 steel in either the annealed or cold worked condi-
tions tested at 427°C. However, at 593°C, thermal aging
either produced no significant effect or decreased the crack
propagation rate for all steels in the solution annealed
condition . In contrast , in cold worked Types 304 and 316
material , thermal aging either produced no significant effect
or increased crack propagation rates . For both material con-
ditions, the magnitude of the effect of aging on crack propa-
gation at 593°C appears to be appreciably smaller for Type
304, 321, and 348 stainless steel when compared to the Type
316 stainless steel.

Effect of Hold Time. The results from the hold time tests
are summarized in columns 2 and 3 of Table 2. In the unaged,
annealed, and cold worked Type 316 steel, no effect of hold
time was observed at 427°C. At 593°C, in annealed Types 304
and 316 steels, hold time effects were observed and crack
growth rates increased with length of the hold period. From
column 3, thermal aging did not appear to alter the magnitude
of the hold time effects in the solution annealed steels, but
in some cases resulting crack growth rates were lower after
aging. At 593°C, hold time effects were observed in the un~aged, cold worked Type 316 steel and the magnitude of the
hold time response was decreased after aging.
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Fig. 15. ComparIson of fatigue crack propagation rates, da/dN, In air at
421°C for solution annealed Type 316 stainless steel produced by continuous
0.083 Hz (5 cpm) cyclic loading and by 0.1 mInute hold time.

21

I_ —~~ - - — ~~~~ 5- -_.-- s -  - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ A



______________ ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 5-. ________________

KSIs/1F1
(0 20 40 60 80

• ~ i ‘ I

TYPE 316 STAINLESS STt~.L.
• 20% COLD WORK • 

. -
~~~ 

S

‘U •_J -
u l O  ~

-

427°C
E • (800°F)
E

S z. • 
-

• . ‘U‘U -

-~~~ 
• (_)

I •

T IO S

0 ai MIN NOLO TIME

- ~~~ 0.083 HZ (5 CPM)

- iO~6 
S

10~~ ~~~~~~ I I • I • & &
-• (0 20 40 60 80 )00

STRESS INTENSITY FACTOR RANGE ,Ax , MPGqJ~
FIg. 16- ComparIson of fatigue crack propagation rates, da/dN, in air at 

5
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0.083 Hz (5 cpm) cyclic loading and by 0.1 m. ’tute hold time.
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FIg. 17. Comparison of fatigue crack propagation rates, da/dN, in air at
593°C for solution annealed Type 316 stainless steel produced by continuous
0.083 Hz (5 cpm) cyclic loading and by 0.1 minute hold time.
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Fig. 18. Comparison of fatigue crack propagation rates, da/dN, in air at
593° C for 20% cold worked Type 316 stainless steel produced by continuous S

0.083 Hz (5 cpm) cyclic loading and by 0.1 minute hold time.
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Hold Time vs. Cyclic Frequency . The relationship between the
ef fec t  of hold t ime and reduced cyclic frequency , both of
which have been observed to increase elevated temperature
crack propagation rate in stainless steels, is not clear.
James (22) has concluded that the frequency effects  observed
in Type 304 stainless steel (23) can be primarily attributed
to an interaction of the air environment with the fatigue pro—
cess rather than to a creep—fatigue interaction. Michel et
al. (1) also have discussed this point for 20 percent cold
worked Type 316 stainless steel tested at 5930C. On the basis

S 

of a da/dt analysis of their results, they concluded that the
mechanisms which control crack propagation during hold time
and continuous cycling at the same nominal fret~ ‘iency are notnecessarily the same.

Further tests have now been completed for Type 316 stain—
less steel, both solution annealed and 20 percent cold worked
at 427 and 593°C, to investigate the relationship between hold
time and frequency effects. These results are shown in Figs. -
15 through 18. On the basis of da/dN, the results indicate
that the crack propagation rate is similar during both 0.083
Hz continuous cycling and 0.1 minute bold time tests at 427°C
for both material conditions, Figs. 15 and 16. At 593°C, the
r~2sults show that the crack propagation rate is higher for
the 0.1 minute hold time than for the 0.083 Hz continuous
cycling for both material conditions , Figs. 17 and 18. In
accord with Michel et al. (1), these results further suggest
that the material behavior and mechanisms responsible for the
crack propagation during continuous cycling and hold time at
the same nominal frequency will be different at 593°C despite
environmental interaction effects. Additional work is now
underway by the authors to clarify these points through char-
acterizations of the fatigue substructure and fracture ap-
pearance of the purely cyclic and bold—time specimens.

Har dness

One indication of the relationship between microstructure
and properties of materials is hardness. The hardness values
determined for the Types 304 and 316 stainless steels used in
this study are given in Table 3. The results show that the
effect of thermal aging is to produce a bulk hardening in the
solution annealed material and a slight reduction in hardness
in the cold worked material. These results are entirely con— S

sistent with the fatigue crack propagation results; that is,
for the purely cyclic loading condition , crack propagation
rates are generally reduced in the annealed materials and
increased in the cold materials. However, the most signifi—
cant effect of the aging is the overall reduction in the -

•

magnitude of the hold time effects observed for the cold
• worked Type 316 stainless steel at 593°C.
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TABL4E 3

• Brine].l Hardness of Types 304 and 316 Stainless Steels
Tested at 593°C (1100°F)

• BRINE LL
MATERIAL S CONDITION HARDNESS

NUMBER
Type -

~

304 Solution ~~~~~
(Heat B) Annealed - . me~~~l1y* 146

S 

Aged

Unaged • 146 . -

Solution
~~Annealed ’-’..~~

Type ,‘ Therinally* 156
304 Aged

(Heat A)
Unaged 269

25% Cold -
~~~~~~~

~
• Worked ”-~~ Thermally* 248

Aged 5

Unaged 144
Solution

.,. - Annea led
Type ~ Thermally* 158
316 Aged

Unaged 236
25% Co1d~~ —~~~~Worked

Therlflally * 228
Aged

*5000 hours at 593°C (11000?)

_ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _  
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Microscopy

Transmission electron microscopy (TEM) of the Type 316
stainless steel specimens illustrates the effects of the
thermal aging on the solution annealed and cold worked micro—
structures. In the annealed material, Fig. 19 shows that
the primary effect of aging was the precipitation of M2 3 C6
carbides which occurred at the grain boundaries. Carbide— 

S

precipitates also are seen within the matrix where grain
boundaries migrated away from their former positions. Some-
what smaller M 2 3 C6 precipitates were formed in the cold
worked material at the grain boundaries during aging as well
as within the grains on the deformation bands, Fig. 20. As
previously reported (3), the thermal aging also promoted re-
covery of the cold worked dislocation substructure. Similar
microstructures have been obtained for the Type 304 stainless
steels used in this study .

Scanning electron microscopy (SElL) was used to examine
the fracture mode of the tested Type 316 stainless steel
crack propagation specimens. The micrographs show that the 1 -

fracture mode was primarily transgranular at 427°C, regard— A
less of hold time and/or thermal aging, for both the solution
annealed and cold worked conditions . However, as previously 5

5

reported (3) at 593°C, Fig. 21 indicates th-at with increased
hold time the fracture mode was intergranular in the unaged,
solution annealed material while remaining transgranular at
all hold times in the thermally aged material. Results simi—
lar to those in Fig. 21 are seen in Fig. 22 for the 20 percent
cold worked Type 316 stainless steel. A more detailed exami-
nation of these specimens is now in progress and will be re-
ported in a subsequent paper.

DISCUSSION

Interpretation of the effects of thermal aging and hold
time on fatigue crack propagation performance requires exami-
nation of the various mechanisms likely to be effective in
controlling the crack propagation process in these alloys.
For this purpose, the results from the microscopic evaluation
of the failure mode and microstructure of the test specimens
will be considered along with the hardness results and envi-
ronmental factors. Finally , these tests for Type 304 steel,
previously noted to be inconsistent, will be discussed on the
basis of evidence derived from constant t~K tests conducted toevaluate load dependence during hold time. -

Examination of the hardness results for both Type 304 . 

- 
S

and 316 steel as well as the SElL results for the Type 316
steel suggests that the primary influence of the precipitates
produced by thermal aging was to increase the hardness of

1 :
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both steels in the solution annealed condition and to alter
the rate and mode of crack propagat ion with increased hold
time at 593°C. However, it is evident from the TEM results
that the majority of the precipitate formation in solu—
tion annealed Type 316 steel occurred in the grain boundaries.
In the cold worked Type 316 steel , the results in Fig. 20
illustrate that smaller precipitates were formed in the grain
boundaries as well as along the deformation bands within the
matrix. For the solution annealed conditions, then, it is
the precipitates formed during aging which contr±bute to the
increased hardness and the improved crack propagation resist-
ance at 593°C. The product of the competing mechanisms of
aging and thermal recovery results in a bulk softening and
slightly reduced crack propagation resistance in the cold
worked Type 316 stainless steel.

The transition from transgranular to intergranular
fracture mode with increased hold time, as shown in the SElL
micrograpbs in Figs. 21 and 22, suggests that a grain boundary
cavity and/or sliding mechanism was active during the hold
time tests at 593°C in Type 316 steel. This is reasonable
since it is known that, at temperatures near approximately
one—half the melting point (0.5 Tm), intergranular cavity
formation produced by grain boundaries sliding is a prominent
deformation mechanism during both creep and fatigue. Bow-
ever , it is also well known, that test environment can have
a pronounced effect on fatigue crack propagation in austenitic
stainless steels (24). Recent work has shown that grain bound-
ary oxide penetration can occur ahead of the crack in stainless
steels and be followed by intergranular crack formation sug-
gesting that oxygen diffusion ahead of the crack could be
important to the propagation process (25). Based on SElL ob—
servations of the fracture surfaces of the unaged , solution
annealed Type 316 stainless steel specimens tested at 593°C
in the present study, Smidt and Provenzano concluded (26)
that the increased tendency for an intergranular failure mode
with increased hold t ime was consistent with conditions where
the penetration distance of oxygen diffusion along the grain
boundaries exceeds the crack propagation rate per cycle.
Nevertheless , Solomon and Coffin (27) have shown that the
transition from a transgranular to an tntergranular failure
mode in fatigue occurs in both vacuum and in air environments,
except that the cyclic frequency is shifted to lower values
in vacuum . The oocurrerice of the transition in vacuum pro—
vides direct evidence that it is related to the basic mate- S

rial behavior rather than to the environment. The effect of
the air environment, then, is to simply accelerate the tran-
sition from transgranular to intergranular failure mode rather
t han changing the basic physical mechanisms of elevated tem-
perature crack propagation . It is proposed, therefore, that
a grain boundary sliding mechanism, possibly influenced by
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environmental attack, was primarily responsible for the hold
time effects on fatigue crack propagation observed experi-
mentally in this study in the unaged , solution annealed Type
316 stainless steel . Furthermore , it is proposed that the
effect of the intergranular precipitates produced by thermal
aging was to suppress the grain boundary sliding and oxygen
diffusion to delay the transition in failure mode from trans-
granular to intergranular until  the rate of crack advance by
creep (or creep—like ) mechanisms exceeded that by fatigue
mechanisms .

The proposed mechanism by which intergranular precipitates
in the thermally aged Type 316 stainless steel influence crack
propagation has been previously incorporated into a hypothesis
by Michel and Smith (28) concerning the overall effects of
intergranular precipitates on crack propagation in air. Their
hypothesis, that the effect of the intergranular precipitates
in aged, solution annealed Type 316 stainless steel is to
simply delay the transition in fracture mode from tranegranular
to intergranular with increased hold time by the suppression
of grain boundary sliding (which occurs during the hold
periods due to localized stress relaxation and leads to cavity
formation) and, hence, the intergranular infiltration of oxy-
gen, has been verified by their recent experimental results
(29) during crack propagation tests with hold times longer
than one minute at 593°C. These results show that the tran-
sition to an intergranular f racture mode actually occurs at
a hold time of 16 minutes whereas the unaged material exhibits
an intergranular fracture mode at a bold time of only one
minute. Despite the experimental results (Fig. 13) which
show that thermal aging increased the crack propagation rate
in 20 percent cold worked material at 593°C during zero hold
time tests, the observation that thermal aging suppressed the
effects of hold time on crack propagation rate suggests that
a mechanism similar to that proposed for the effect of thermal
aging on the solution annealed steel may apply to the cold
worked materials as well. Experiments for cold worked mate-
rial, complementary to those being conducted for the aged,
solution annealed material, are in progress at hold times
longer than one minute to ascertain the responsible mechanism.

The methods employed for the analysis of the fatigue crack
propagation results in this report were those of linear elastic
fracture mechanics (LEPM). These methods require that the
crack propagation be independent of load at a constant value - -

of the stress intensity factor. Although the experimental
results generally show good agreement on the basis of these
methods, it is reasonable to expect that fracture mechanics
parameters may not apply under conditions where time dependent
deformation processes may become active, such as during bold
time tests at 593°C.
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With the exception of the two previously noted 1 minute
hold time tests for solution annealed and 25 percent cold
worked Type 304 stainless steel at 593°C, all tests at this
temperature were conducted at a load of 3.1 x io~ N ( 700 pounds).
These two tests for Type 304 stainless steel , which were con—
ducted at a load of ‘~4.0 x i03 N (‘~..9O0 pounds), show signifi-cantly higher crack propagation rates than would be expected
on the basis of the results for Type 316 stainless steel at S

593°C with 1 minute hold t ime at loads of 3.1 x 10’ N (700
pounds).

The rela~iouship between crack propagation rate, holdtime , and load has been investigated by Smith and Michel (21)
for solution annealedType 316 steel at 593°C. Their results
show that , at loads above ‘~s3 .l x 10 ’ N ( 700 pounds), the crack
propagation rate during hold time tests are non—linear at a
constant ~K of 32.9 MPa/~~ (30 ksi/Th.) whereas the continuous
cycling results were linear indicating load independence to .
‘~-.6 x lO’ N (‘~135O pounds). These results confirm that the
tests for the Type 304 stainless steel conducted at a load of
~4.O x 10’ N (‘~900 pounds) are inconsistent with LEFM criteria.
However , the remainder of the hold t ime crack propagation re-
sults given in this report were generated under the experi-
mental conditions consistent with the load independence cr1—
teria and are, therefore, comparable with the zero hold time
results on the basis of stress intensity factor range.

SUMMARY AND CONCLUSIONS

The effects of thermal aging and hold time on fatigue
crack propagation of Types 316, 304, 321, and 348 stainless
steel were investigated at 427 and 593°C (800 and 1100°F).
The following conclusions are drawn from the results.

1. Tensile hold periods of 0.1 and 1.0 minutes have no
significant effect on crack propagation rate in unaged or
thermally aged, annealed and 20 percent cold worked Type 316
stainless steel at 4270C. A small effect of hold time was
observed in thermally aged Type 304 stainless steel at 427°C.

2. At 593°C, thermal aging produced no s~ 7nificanteffect on crack propagation rate during continuous cycling
for annealed and cold worked Type 304 stainless steel and
annealed Type 348 stainless steel.and reduced the crack

- propagation rate in annealed Types 316 and 321 stainless steel.

3. In the unaged condition , 0.1 and 1.0 minute hold
times at 593°C increased the crack propagation rate for an-
nealed Types 304 and 316 stainless steel and for 20 percent
cold worked Type 316 stainless steel. S
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4. In the thermally aged condition , 0.1 and 1.0 minute
hold times at 593°C produced no significant effect on crack
propagation rate for solution annealed Types 304, 316, and
321 stainless steel and reduced the crack propagation rate S

for 20 percent cold worked Type 316 stainless steel.

5. The microstructural effects of thermal aging at , -
~ 

S

593°C were the production of massive intergranular M23 C5
F precipitates as well as smaller, more widely dispersed matrix -

precipitates in solution annealed Type 316 stainless steel.
In 20 percent cold worked material, thermal aging at 593°C
produced smaller intergranular M2 3 C6 precipitates as well
as matrix precipitates on deformation bands.

6. The failure mode of solution annealed and 20 percent
cold worked Type 316 stainless steel at 593°C was found to be
transgranular during continuous cycling (zero hold time) and
intergranular at hold times of 1 minute. In thermally aged.
material, the failure mode was transgranular regardless of
hold time (zero, 0.1, and 1.0 minutes).

7. It is concluded that the mechanism by which the in-
tergranular precipitates Influenced crack propagation perform-
ance and failure mode of aged, solution annealed Type 316
stainless steel at 593°C is the suppression of graiz~ boundarysliding, and any associated environmental interaction , to
delay the transition in failure mode from transgranular to
intergranular until the rate of crack advance by creep (or
creep—like) mechanisms exceeded that by fatigue mechanisms.
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APPEND IX A

Description of Calculator Program for
Processing, Storage and Retrieval of S

Fatigue Crack Propagation Data

A versatile program has been developed for processing
S fatigue crack propagation data using a Hewlett—Packard 9830A -~

Calculator equipped with the following accessories: six ROM
(Read—Only—Memory ) options, a thermal line printer , plotter,
paper tape reader, and magnetic cassette tape recorder. Cal-
culator specifications include: a core memory of 3808 words,

— data storage of more than 32,000 words, and a bi—directional
S search speed of 130 ft (magnetic tape) per minute.

The fatigue crack propagation data processing program
incorporates three separate sub-programs to aid in the reduc—
tion, analysis, plotting, storage, and retrieval of both new
and previously reported test data. The essential features of
the program are shown schematically in the flow diagram in S

Fig. A—i. A brief description of each sub—program is included
in the following paragraphs. 

-

A. Crack Length (a) versus Cycles (N) Data

Experimental data taken during the fatigue crack
propagation tests are entered either manually via the
keyboard or via punched paper tape, up to a maximum
of 200 points. The program Inputs and plots each data
point . The crack length (a) versus number of cycles
(N) data are then fitted to a smooth curve. Points taken
from this smooth curve provide the input to the subsequent
da/ dN versus ~K analysis.

B. Crack Propagation Rate (da/dN ) versus Stress
Intensity Factor Range (AK) Calculation

This sub-program has the option of data file manipu-
lation allowing specific placement of new test results.
Data may be entered either as a versus N , or as da/ dN . 

S

versus ~K. Once a form has been selected for input , the
data are transterred with all necessary accompanying
information directly to memory by keyboard or paper tape.
Computations are then performed by the program applic—
able to the original entered form, which can be printed ,
stored, and plotted.
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C. Retrieval of Stored Data

Each specimen can be listed with its concommitant
parameters for specific data selection and analysis.
Once a file has been chosen, the data are retrieved
from storage and plotted .

• The computation of the crack propagation rate, da/dN,
and the stress intensity factor range, t~K , performed in theS 

sub—programs are accomplished in the following manner. The
crack propagation rate is computed f rom the a vs. N data
according to the following slopes expression :

da/dN — (an+i - an )/(Nn+i - Na), (A—i)

where a and N are crack length and cycles, respectively, and
n is sequential nun~ er of each pair of a vs. N data. The da./ -

dN value represents the crack propagation rate at the midpoint
of each two pairs of a vs.N data. The stress intensity factor
range , ~K, is computed according to the equation given by
Gross and Srawley (16) for single—edge—notched (SEN) canti—
level specimens.
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Fig. A-i. Flow diagram of calculator program for processing, storage,

and retrieval of fatigue crack propagation data.
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